A high prevalence of RET rearrangements is found in papillary thyroid carcinomas (PTC) of children from Belarus after the Chernobyl reactor accident. The ELE/ RET rearrangement (PTC3) is prevailing. Aberrant types of ELE/RET rearrangement have been found with a truncated ELE1 gene: As compared with the common form (PTC3r1) one aberrant type is shorter by one 144 bp exon (PTC3r2) (three cases); in the second atypic form (PTC3r3) the ELE1 part is 18 bp shorter than in PTC3r1. In agreement with the observation that the oncogenic RET is generated by a paracentric inversion at chromosome 10, we found not only ELE/RET, but also RET/ELE transcripts in these tumors. Sequencing of the breakpoint regions at the genomic DNA level revealed DNA modi®cations that might be relevant for illegitimate recombination after DNA doublestrand breaks. The high prevalence of ELE/RET rearrangements and various subtypes appears to be typical for radiationinduced thyroid carcinomas of children after the Chernobyl reactor accident.
A high prevalence of RET rearrangements is found in papillary thyroid carcinomas (PTC) of children from Belarus after the Chernobyl reactor accident. The ELE/ RET rearrangement (PTC3) is prevailing. Aberrant types of ELE/RET rearrangement have been found with a truncated ELE1 gene: As compared with the common form (PTC3r1) one aberrant type is shorter by one 144 bp exon (PTC3r2) (three cases); in the second atypic form (PTC3r3) the ELE1 part is 18 bp shorter than in PTC3r1. In agreement with the observation that the oncogenic RET is generated by a paracentric inversion at chromosome 10, we found not only ELE/RET, but also RET/ELE transcripts in these tumors. Sequencing of the breakpoint regions at the genomic DNA level revealed DNA modi®cations that might be relevant for illegitimate recombination after DNA doublestrand breaks. The high prevalence of ELE/RET rearrangements and various subtypes appears to be typical for radiationinduced thyroid carcinomas of children after the Chernobyl reactor accident.
Keywords: RET oncogene; RT ± PCR; reciprocal transcript; breakpoint; Chernobyl Papillary thyroid carcinomas (PTC) of children are very rare, but the incidence increased steeply after the Chernobyl reactor accident (Kazakov et al., 1992; Baverstock et al., 1992) . A high prevalence of RET rearrangements was found in these tumors with the ELE/RET (PTC3) rearrangement prevailing (Klugbauer et al., 1995; Fugazzola et al., 1995; Nikiforov et al., 1997) . In the meantime new types of ELE/RET rearrangement have been observed. We demonstrated on the cDNA level the fusion of the RET tyrosine kinase domain with a truncated ELE1 gene. In comparison to the common form it is shorter by one 144 bp exon (Klugbauer et al., 1996) . Here we describe a third form of ELE/RET fusion which is shortened at the ELE1 part by only 18 bp. The mechanism generating the oncogenic version of RET has been shown to be a paracentric inversion at chromosome 10, where the genes for H4, ELE1 and RET are located (Minoletti et al., 1994) . We report the ®nding of the two corresponding messenger RNAs as true reciprocal transcripts. Sequencing of the breakpoint regions at the genomic DNA revealed characteristic features pointing to illegitimate recombination being involved in repair of these lesions.
Thyroid tissues
Tumor material was obtained from children who underwent thyroidectomy at the Department of Surgery, Medical High School of Minsk, Belarus. All tumor specimen were from female patients exposed to radioactive fallout at the following age at the time of the reactor accident; M36, 1 year, 4 months; M145, 4 years, 4 months; M151, 3 years, 5 months; M160, 5 years, 6 months. All the tumors were papillary thyroid carcinomas, three of them were solid variants (M36, M151 and M160), one was a follicular variant (M145).
cDNA analysis
A high incidence of RET activation is found by means of multiplex and identi®cation PCR in PTC of children from Belarus. The majority of tumors shows the usual type of H4/RET or ELE/RET rearrangement with a high prevalence of the PTC3 activation (Klugbauer et al., 1995) . Because of the lack of an appropriate control group of childhood thyroid carcinomas from a non-irradiated population it is not yet clari®ed if the prevalence of PTC3 is dependent on age and/or radiation exposure. However, the important role of the ELE/RET rearrangement in thyroid tumors from children after Chernobyl is corroborated by the following facts; ®rst, the incidence of ELE/RET rearrangement in these papillary thyroid tumors is signi®cantly higher than in any other study published so far ; second, additional new types of ELE/RET rearrangements are present which have not been described in any other collection of thyroid carcinomas. An Italian group investigated childhood tumors from Italy and found only a single case with an ELE/RET rearrangement in 9 PTC of children under 19 years of age, while three PCT1 and two PTC2 rearrangements were observed. We studied 59 PTC that had developed until April 1996 in children of Belarus up to 19 years of age. Thirty-six tumors (61%) showed a RET rearrangement. Among them, 23 tumors (64%) had an ELE/RET rearrangement Figure 1 Alignments of (a) ELE/RET-transcripts of PTC3r1, PTC3r2 and PTC3r3. (b) RET/ELE transcripts of PTC3r1, PTC3r2 and PTC3r3. Messenger RNA was isolated and transcribed by reverse transcriptase from 10 to 20 mg of frozen tissue according to standard protocols. The cDNA was ampli®ed by means of RT PCR as described in detail and the primers used were exactly as published previously (Klugbauer et al., 1995 and if not otherwise explained. Primers tm1, retc1 and retc2 were used for multiplex PCR, the primers PTCI1, PTCII1, PTCIIIa and retc2 for identi®cation PCR and the primers tm1 and PTC1R1 (pos. 411 ± 430 of the H4 gene), rfg5 for ampli®cation of the reciprocal transcripts. Sequence analysis was performed with the primers retc3, PTC1R1 and rfg4. Random ampli®cation of 5' cDNA ends (5'RACE technique) was performed according to the manufacturer (Boehringer, Mannheim, Germany) using the RET-speci®c primers retc4 for priming of cDNA and retc2 and retc5 for the PCR approach. Sequences used for PCR and sequence analysis are underlined. The sequence of ELE1 exon 5 is in bold letters. The variant PTC3 rearrangements are designated as follows: PTC3r1 (M161) is the common form (Jhiang et al., 1994) , PTC3r2 (M36, M151); PTC3r3 (M161) are aberrant forms (Rabes and Klugbauer, 1997) , including the novel aberrant PTC3 types described below.
Using the 5' RACE technique we found novel types of ELE/RET rearrangement beside the tumors with a typical PTC3 activation. In tumors M36, M145 and M151, direct sequencing of cDNA revealed that exon 5 (nomenclature according to Fugazzola et al., 1996) of ELE1, 144 bp in length, was missing as compared with the common ELE/RET version (Figures 1a and 2) . In tumor M160 an additional new type of ELE/RET rearrangement was found: The 144 bp ELE1 exon 5 is shortened by 18 bp in this case (Figures 1a and 2 ). This implies that the breakpoint is located in this exon. We designate the regular ELE/RET transcript described by `PTC3rl', the truncated form with the loss of the 144 bp exon`PTC3r2' and the additional form with the loss of 18 bp in the ELE1 exon 5`PTC3r3'.
Reciprocal transcripts were detected in 47% of PTC3r1 tumors (n=19). All four described PTC3 tumors with aberrant ELE/RET rearrangement (PTC3r2 and r3) contained ELE/RET (Figures 1 and  2 ) as well as RET/ELE transcripts (Figure 1 ). The oncogenic version ELE/RET is transcribed from the ubiquitously expressed ELE1 promoter. This leads to a fusion protein consisting of the ELE1 aminoterminus and the RET tyrosine kinase domain at the carboxyterminus. The most important role of the ELE1 aminoterminus in the fusion protein appears to reside in its potential for dimerization, a stringent prerequisite for the activation of the RET tyrosine kinase. In contrast, expression of the reciprocal RET/ELE transcript requires an active RET promoter. It has to be assumed that this promoter is active not only in cells derived from the neural crest as described, i.e. C cells only in the thyroid (Tsuzuki et al., 1995) , but also in thyroid carcinoma cells with RET rearrangement.
Nothing is yet known about a possible reactivation of the RET promoter after reciprocal, balanced ELE/ RET, RET/ELE rearrangement, or about a capacity for RET expression in a stem cell to thyroid carcinogenesis. The biological implications of coexpression of both reciprocal transcripts are still obscure.
Sequence analysis of the various rearrangements at the cDNA level reveals interesting dierences: ELE1 exon 5 in the PTC3r1 type of rearrangement is fused with RET exon 12. In PTC3r2 the fusion is between ELE1 exon 4 and RET exon 12. In contrast, PTC3r3 lacks 18 bp of ELE1 exon 5, but the remaining truncated exon 5 is also fused to RET exon 12. Special features of rearrangement are also observed in the reciprocal transcripts: The RET/ELE transcripts of PTC3r1 as well as PTC3r3 are composed of RET exons 1 to 11 and ELE1 exon 6 to the carboxyterminus. In the PTC3r2 type of reciprocal transcripts in samples M36 and M145 the RET exon 11 is fused to ELE1 exon 5, i.e. the 3' end is longer by one 144 bp ELE1 exon in the reciprocal transcript. However, the reciprocal transcript of PTC3r2 in sample M151 is not longer by 144 bp as expected. It has to be concluded that in this tumor the ELE1 exon 5 is lost at the cDNA level. Figure 1a and b shows the alignments with the various ELE/RET and RET/ELE transcripts. Results of direct sequence analysis of the ELE/RET transcripts are shown in Figure 2 . The sequence of the reciprocal transcripts has already been published (Klugbauer et al., 1996) .
Analysis of genomic DNA
The various types of ELE/RET rearrangements described above at the cDNA level result from breakpoints at dierent sites in the genomic DNA. In order to disclose common rules in the radiationinduced breakpoint sites as well as in repair mechanisms we investigated the chromosomal location of the breakpoints in the four cases with the new forms of ELE/RET activation (samples M36, M145, M151 and M160). The location of the breakpoints was determined by direct sequence analysis of PCR fragments obtained from genomic DNA. Smanik et al. (1995) for PTC1 and PTC3r1 rearrangements, the PTC3r2 and PTC3r3 rearrangements occurred at sites with a short nucleotide match in the contributing germlines. Two to ®ve basepairs were identical in both germline sequences (Figure 3 underlined bp) . In addition, we detected deletions of variable length and short duplications in the sequences (Figure 3) . Smanik et al. (1995) and Bongarzone et al. (1997, pers. comm.) reported the existence of two Alu elements close to the breakpoints in the ELE1 genomic sequence. These DNA motifs are known to be hotspots of genetic instability (RuÈ diger et al., 1995) . Although breakpoints of our study are within AT-rich regions, there was no further sequence similarity to Alu elements near breakpoints. Figure 4 shows schematically breakpoints and locations in the ELE1 and RET genes. Interestingly, the cases M151 and M160 have breakpoints in the ELE1 exon 5 (Figures 3 and 4) . The breakpoint near the 5' end of exon 5 obviously causes a loss of a splicing site: exon 5 is lost during splicing (sample M151; Figure 3 and 4). In the other case (sample M160) the rearrangement obviously destroys the normal splicing site and creates a pseudosplicing site (Figures 3 and 4) . This explains the lacking 18 bp of the PTC3r3 rearrangement. The observed variant forms of ELE1/RET rearrangements, which have not been found in any other collection of PTC are obviously induced by exposure to large doses of radioactive iodine. They may serve as a source of information about molecular mechanisms of repair by illegitimate recombination after radioactive exposure in thyroid carcinogenesis. Figure 3 Breakpoint analysis at the genomic DNA level of PTC3r2 and PTC3r3 rearranged probes in both reciprocal forms. The two to ®ve nucleotide match between contributing germline sequences is underlined. Sequences in bold letters belong to the RET germline sequence, while the ELE1 germline sequence is written in capital letters. The potential pseudosplicing site of M160T is in italics. The 87 bp deletion of M36 germline sequence consists of 4(6) bp RET intron 11 and 83(81) bp ELE1 intron 4. The underlined double G of this sequence cannot be assigned. DNA was isolated from the material left over after mRNA isolation. Using exon-speci®c primers the rearranged introns ELE/RET (PTCIIIa, rfg2 and retc3) and RET/ELE (tm1 and rfg2R, rfg7R pos. 817-836 of the ELE1 gene) were ampli®ed. Direct sequence analysis was performed with intron speci®c primers elegI1, elegI2, elegI1V (pos. 419-444 of the ELE1 intron 4), retcgI1, retgI11.3V (pos. 1602-1621 of the RET intron 11) and retgI11.4V (pos. 1450-1469 of the RET intron 11) Figure 4 Overview of the parts of the ELE1 and RET gene involved in the rearrangement process. The arrows point schematically to the site of breakpoints in the corresponding intron/exon region at the genomic DNA level. The length of the introns is given in parenthesis. M36, M145 and M151 (PTC3r2); M160 (PTC3r3)
